ABSTRACT A comparison is made between the quantitative predictions of equilibrium ionic distribution in living cells according to the membrane theory (Donnan equilibrium) and according to the association-induction hypothesis. This comparison shows that both theories predict competitive effects of one permeant ion on the equilibrium concentration of another permeant ion; but within the limit of experimental accuracy only the association-induction model predicts quantitatively significant specific competition of one specified ion with the accumulation of another specified ion. The equilibrium distributions of K +, Rb +, and Cs + ions in frog sartorius muscle were studied and quantitatively significant specific competition was demonstrated; these results favor the association-induction hypothesis (adsorption on cell proteins and protein complexes and partial exclusion from cell water). Based on this model we estimated that at 25°C, the apparent association constants for K +, Rb +, and Cs + ion are 665, 756, and 488 (mole/liter) -l. We found that the total concentration of adsorption sites (no less than 240 mmole/kg of fresh cells) agrees with the analytically determined concentrations of t-and "y-carboxyl groups of muscle cell proteins (260 to 288 mmole/kg).
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with the energy need of a consistent (in contrast to an ad hoc) active transport model for maintaining the solute distribution led to the conclusion that such a model is against the second law of thermodynamics (3, 4) . Since there is no third alternative, the constant level of an ion or solute within the cell must represent an equilibrium phenomenon. In the present communication, the experimental data obtained are compared with the quantitative predictions of two equilibrium models: (a) the classical Donnan membrane theory (5, 6 ; see also Boyle and Conway in reference 1) and (b) the association-induction hypothesis (3) .
T H E O R Y

The Membrane Theory
If we interpose a membrane between two aqueous phases and introduce a monovalent ionic substance that cannot pass through the membrane into one phase, the distribution of the permeant monovalent ions must follow a set pattern. Thus, if the impermeant ion is an anion, represented as R-(its concentration is [R-I), and if there are two permeant cations (p+ and p+) and one permeant anion (p~-),
[P~]ill [P~] 
and so on, where -r~ n and "r~ are the corresponding activity coefficients. 
where "r~ and -r~ y are the activity coefficients of R and the external ith cation respectively.
Thus in the Donnan system, there is competition between p+ and p+ ; in this system there is also a certain degree of specificity determined by the differences in the activity coefficients. However, at the concentration found in cells (e.g., 0.1 mole/liter), the activity coefficients of alkali metal ions are in general not very far apart (i.e., for chloride salts, Cs +, 0.754; Rb+, 0.764; K+, 0.770;Na+, 0.778; see reference 7). The m a x i m u m difference between any pair of alkali metal ions is less than 2% (and is thus below the limit of experimental error).
Thus, within the resolving power of the present experimental accuracy, any monovalent cation, p+, at, say 20 to 50 tamale/liter, should have the same effect on the equilibrium intracellular concentration of p+, so long as the ith ion is a monovalent cation. salt linkage (fixed anion-fixed cation pair)
Diagram of a fixed charge system in contact with a free solution phase.
Association-Induction Hypothesis
In the association-induction hypothesis (3, 4, 8) , the living cell is represented as a proteinaceous fixed charge system. The cell proteins form a charge-bearing, three dimensional network, onto which are adsorbed ions and nonelectrolytes, as well as other molecules, minor in amount but essential in function. The protein matrix also polarizes and orients the successive layers of water molecules which fill the spaces between the protein chains. Such a fixed charge system is diagrammatically illustrated in Fig. 3 . In the external solution, the ith cation exists only in the free form. Within the fixed charge system, however, it m a y assume one of three forms: (a) interstitial free cation, (b) interstitial ion pair, (c) adsorbed ion. For simplicity of presentation, we shall ignore the interstitial ion pairs, considering these as quantitatively trivial. Denoting the percentage of water in the cell as a (in liters per kilogram of fresh cells), (9) The successive terms refer to the total intraceUular ith cation, the interstitial free ith cation, and the adsorbed ith cation respectively. [p~ in and [p~,d are in moles per kilogram of fresh cells; [p~ i,, is in moles per liter of intracellular water. Leaving the presentation of a general equation to another forthcoming theoretical paper (for brief account, see reference 8), we shall forthwith present in its simplified form the special equation for the intracellular distribution of the ith monovalent cation. In the case to be considered here, the various adsorption sites have association constants (for the ith and the jth cation) not too far apart, and the ith ion association constants for adsorption on these different sites are not too far apart from each other. The justification for these criteria appears in the section on experimental results. U n d e r these conditions, Equation 9 assumes the following form:
This is the special equation according to the association-induction hypothesis for selective ion accumulation without cooperative interaction (reference 3, chapter 5; references 8 to 10). =-~ins q~(k) is the mean equilibrium distribution coefficient of the ith cation between the intracellular water and the extracellular water; the migration of the ith (and jth) cation in and out of the cells is accompanied by the kth anion. K~(k) and Ks(h) are the mean apparent association constants of the ith and jth monovalent cations respectively on (all) the anionic sites. T is the general symbol for all the fixed anions in the system. The apparent association constant differs from the true association constant by a factor corresponding to cations that also compete for the same anionic sites but are, for convenience or other reasons, not explicitly dealt with (e.g., H + ion, fixed cations). If-]total is the total intracellular concentration of anionic sites in moles per kilogram of fresh cells.
Criteria for the Experimental Testing of the Membrane Theory and the Association-Induction Hypothesis co~ilis
An extensive discussion of the value of q~(k) and its molecular interpretation will be the subject of a succeeding paper (for a brief discussion, see references 4, 11, and 12 
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OOoT li,-o0~ T Defining K.k) , ~s(k) as the mean apparent dissociation constants for the ith and flh cation respectively we have
and *0~T 1
The reciprocal form of Equation 11 is : 
T h e values of the parameters used here correspond roughly to those from our experimental studies t o be described below.
When the ith ion is labeled with a radioisotope and the jth is nonlabeled ion of the same chemical species (e.g., nonlabeled K + ion competing against K ~2- ,o // frogs had to be sacrificed each time, we could not follow the strict criteria for choosing healthy frogs described earlier (reference 3, Appendix G). All animals that were outwardly healthy were used. In general, three sartorius muscles from three different frogs were weighed individually on a torsion balance (initial weight), tied with small bits of colored thread, and introduced into test tubes containing 10 ml of the experimental solutions to be described. The test tubes, stoppered and sealed with Parafilm, were mounted on a rotor tilted at a 45 ° angle which turned at the rate of five rotations per minute. The temperature of the room varied between 23 ° and 26°C.
In studying Na + ion distribution, 100 ml of experimental solution was used for
49 " I 9 6 6 each group of muscles, and the Erlenmeyer flasks containing the solution were shaken in an Aminco constant temperature bath (250 4-0.05°C) at the rate of ninety oscillations per minute, each full excursion measuring 1 in. At the end of the incubation period, the muscles were blotted on damp filter paper, weighed again (final weight), and introduced into 1.2 cm (diameter) X 14 cm Lusterold tubes (Lusteroid Container Co., Maplewood, N.J.); 1 ml 1 N HC1 was added. After 12 hr during which the distribution of the isotope in the HCI solution reached equilibrium, the radioactivity in the HC1 solution, together with that in the tissue was assayed in the same Lusteroid tube using a "y-scintillation-well counter and scaler (Packard). To find the specific activity of the isotope, a 1 ml sample of the bathing solution, either as such or after suitable dilution, was also assayed. In general, each sample counted more than 4,000 cPg.
We determined nonlabeled Na + ion concentration by flame photometry (Beckman DU spectrophotometer) on a 0.1 N HC1 extract of the tissue and using 0.1 u KH2PO4 as "radiation buffer" (reference 3, p. 201).
The experimental solutions were modified Ringer's bicarbonate solutions which we had saturated with a 5 % CO2-95 % 02 mixture (see reference 3, Appendix H). There were two general types of experimental solution:
1. The first was used for experiments lasting no longer than 25 hr; these solutions contained: MgSO4 (1.2 minGle/liter), CaCI~ (0.72 mmole/liter), NaHCOa (17.3 minGle/liter), NaH2PO4 (2.0 mmole/liter), Na2HPO4 (1.2 mmole/liter), and glucose (24.0 mmole/liter) in addition to the components shown in Table I . The pH was approximately 7.3-7.4.
As a rule we used the acetates of K, Rb, and Cs rather than the chlorides because the data from the acetate experiments, while not differing from the chloride experiments in any fundamental way, are more quantitatively consistent.
2. The second type of solution was used in studies of ionic accumulation over periods longer than 25 hr. In addition to the components shown in Table I , part ii, these solutions contained MgSO4 (1.0 mmole/liter), CaC12 (0.72 mmole/liter), NaHCO3 (6.65 mmole/liter), NaH2PO4 (2.96 minGle/liter), Na2HPO4 (0.15 mmole/ liter), glucose (12.8 mmole/liter), and 7.36% of GIB No. 133 tissue culture medium (Grand Island Biological, Grand Island, New York), a complex medium containing 10 % fetal calf serum, plus salt ions, vitamins, and free amino acids. Inclusion of this medium, specifically prepared for this laboratory to contain no K + ion except for that in the calf serum, prolongs the survival time of frog muscle cells if bacterial and fungal contaminations are avoided.
To each 10 ml of the above experimental solution, we added: 0.1 ml (10 mg/ml) of penicillin G (sodium) (Upjohn, Lot PF171), 0.1 mi (10 mg/mi) of streptomycin sulfate (Pfizer, Lot 04357), 0.05 ml of insulin (80 units/mi) (Iletin, Eli Lilly), and 0.05 to 0.1 ml of radioactive isotope solution (see below). K ~, Rb s6, Cs TM were obtained from Oak Ridge National Laboratories, Oak Ridge, Tenn., in the form of chlorides dissolved in 1 N HC1. Carrier-free Na ~2 in the form of NaC1 in 0.5 N HC1 was obtained from Nuclear Science and Engineering Corp., Pittsburgh, Pa. The isotopic solutions were neutralized with NaOH, and the Na + introduced was taken into account when the experiment was of such a nature that the added Na + ion be- addition. Because of the short half-life, a high specific activity of the K e is essential. A high activity of R b s6 is also necessary because the counting efficiency for this isotope is low (6.4 %). (We also found that the volume of the water in the R b se sample has a significant effect on its counting efficiency.) All nonradioactive chemicals were of cp grade (largely M e r c k R e a g e n t or Baker Analyzed). R u b i d i u m and cesium salts were obtained from Penn R a r e Metals, Inc., Revere, Pa. (purity 99% in some cases and 99.9% in others).
Time to Reach New Equilibrium Ionic Levels
W h e n frog sartorius muscles are incubated in a modified Ringer solution containing 50 mmole/liter of K42-1abeled K + ion, the concentration of intracellular labeled K + ion rises to reach a new equilibrium after 10 to 20 hr (24°C) 3 (solid circles in Fig. 6 ). This finding is in general accord with earlier observations of Fenn and Cobb (13), Conway (14) , and Harris (15) . Since neither Fenn and Cobb nor Conway employed radioactive tracer, this close correspondence of the data indicates that, at the intensity employed, the radioactivity produces no significant alterations of the muscle ceils within the length of time investigated. W e reached the same conclusion from permeability studies (16) . The open circles in Fig. 6 represent experimental results for muscles bathed in 100 mmole/liter of labeled K + ion; the data indicate that the time course is somewhat faster than at the lower concentration of 50 mmole/liter. However, a difference between the equilibrium concentrations of labeled K + ion in the two cases is not discernible.
s It is unfortunate that a great deal of the pioneering work on K + ion distribution reported by Fenn and his coworkers (13) and by Steinbach (17) was based on a soaking time of 5 hr (at room temperature). On the basis of the present data, this is not long enough to insure the attainment of the new equilibrium ionic levels.
For Rb+ at 100 mmole/liter external concentration, it took 25 hr to reach the new equilibrium (Fig. 7) . A somewhat greater scattering of the data is evident when plotted on the basis of initial weight. For this reason, all subsequent data are presented on the basis of final weights.
For Cs + ion at 25 mmole/liter external concentration, the new equilibrium is reached in about 22 hr (Fig. 8) . The study of Cs + ion at high concentrations is prohibited by the tendency of Cs + ion at high concentrations to form crystals with magnesium and phosphate in a medium of neutral or higher pH. Ringer's solution, designed to preserve the muscle for a lengthy period of time, must contain M g ++ and phosphate ions at near neutral pH. Fig. 9 shows the time course of equilibrium for labeled Na + ion at 25 °C. Equilibrium was reached in some 30 hr at this temperature.
As a rule, for all ions studied, once a new equilibrium is reached, this level remains steady for many hours. Fig. 10 illustrates the dependence of the equilibrium intracellular Cs + ion concentration on the external K + ion concentration. Thus, at 25 mmole/liter external Cs + ion concentration and 2.5 mmole/liter of K + ion, the equilibrium concentration of Cs + ion in the cell is about 80 mmole/kg (see Fig. 8 ). In the presence of 50 mmole/liter of K + ion, the Cs + ion concentration in muscle 
The Nature of Competition in Ionic Accumulation
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Time course of labeled Na + ion uptake by frog sartorius muscles in a Ringer solution with a low K + ion and high Na + ion concentration (25°C). Technique as in Fig. 6 except six sartorius muscles were placed in a Ringer-GIB-serum solution containing 0.5 minGle/liter KC1 and 170.5 minGles/liter of Na in the form of acetate and phosphates.
in the presence of 50 m m o l e / l i t e r of K + ion throughout. This observation d e m o n s t r a t e s t h a t a n increase of external K + ion concentration reduces the rate of entry of Cs + ion into the cell a n d the e q u i l i b r i u m level of Cs + ion in the cell. 
r ) . T h e s e d a t a d e m o n s t r a t e c o m p e t i t i o n in K + ion a c c u m u l a t i o n in the muscle cells. T h e intercepts in (mole
Na + Ion Accumulation and Competition
Fig . 12 shows reciprocal plots of the e q u i l i b r i u m labeled N a + ion c o n c e nt r a t i o n in the presence of 0.5 minGle/liter a n d 10 minGle/liter c o m p e t i n g K + ion.
Rb + Ion Accumulation and Competition alkali metal ion on the equilibrium distribution of labeled alkali metal ion of the same chemical species (i.e., K + ion on K4~-labeled K + ion (Fig. 1 I) , and R b + ion on Rbs6-1abeled Rb+ ion (Fig. 13)) . The other two series show the effect of one nonlabeled alkali metal ion (i.e., K + ion) on the equilibrium distribution of two chemically different alkali metal ions (i.e., Na~-labeled Na + ion (Fig. 12) , and Cs13qabeled Cs + ion (Fig. 14) ).
Cs + Ion Accumulation and Competition
Within the lower concentration range, the data of the first two sets of experiments (Figs. 11 and 13 ) are in essential agreement with both the Donnan membrane model and with the model arising from the association-induction hypothesis; we have mentioned this formal analogy earlier in discussing Equations 5 and 16. A comparison of both Figs. 11 and 13 with Fig. 2 also
shows that there is a fair degree of quantitative accord between the experimental data and the two theoretical models.
In the other two sets of experiments we studied the competing effect of a chemically different species. The result shown in Fig. 14, for example, shows that the same concentration of K + ion produces about three times as effective competition against Cs + ion as against K + ion. K+ ion is even more effective in competing against Na + ion accumulation (Fig. 12) Let us now analyze the experimental data quantitatively according to the latter model. The experimentally measured intercepts from K + ion accumulation studies correspond respectively to 137, 140, and 154 mmole of anionic adsorption sites per kg final weight. Ignoring competing ions other than K + ion (e.g., Na+), the mean apparent free energies of association are -3.74, -3.74, and -3.81 kcal/mole respectively. O n the other hand, combining the equations corresponding to the lower curve of Fig. 12 and the lowest curve of Fig. 11 , one can solve the equations simultaneously to obtain the apparent association constants for both Na + and K + ions (in this case taking into account Na + ion competition). The value for Na + ion is then 0.996 and for K + ion is 633 (mole/liter) -I. On the basis of these values, one can calculate, from the upper two curves of Fig. 11 , additional values of the apparent association constant for K + ion, namely, 648 and 720 (mole/liter) -I. The average of all these values is 665 (mole/liter)-i. The corresponding apparent standard-free energy of association is 0 for Na + ion; -3.82, -3.84, and -3 . 8 9 kcal/mole for K + ion? Fig. 15 presents the data given in Fig. 11 The total concentration of the adsorption site, If-]total, 140 mmole/kg, is obtained by curve fitting. Since the linear plot as a rule better displays the data of the high concentration range, whereas the reciprocal plot emphasizes the lower concentration range, one m a y anticipate that the If-]total obtained from this linear plot is more reliable. In the present case, however, the value 140 mmole/kg is close to 137 mmole/kg, obtained from the reciprocal plot at zero-inhibiting ion concentration. In discussing the data of Fig. 5 , we mentioned that the curve with inhibiting-ion concentration at zero yields the best estimate of the total number of sites among the various reciprocal curves.
Similarly, the data of Fig. 13 yield 123, 102 , and 98.5 mmole of adsorption sites for Rb + ion per kg of final weight of the cells. If one accepts a N,(A0) value of 0.996, the three curves give mean apparent association constants for Rb+ ion of 840, 735, and 704 (mole/liter) -a respectively (average = 755), with corresponding mean apparent standard-free energies of adsorption equal to -3.93, -3.91, and --3.88 kcal/mole (average = -3 . 9 2 kcal/mole). In 
mean apparent free energy of association is --3.66 kcal/mole. The association constants for K + ion obtained from this set of data are 1060 and 703 (mole/ liter)-*, and their corresponding mean apparent free energies of association are -4.11 and -3.87 keal/mole respectively. Thus, in general, each ion has a specific association constant, ~(k) , and exercises a specific and different competitive effect on the adsorption of another ion. These competitive effects are quantitatively far beyond the limit of specificity offered by the Donnan model on the basis of differences of ac- fivity coefficients (less than 2%) and qualitatively follow a rank order of effectiveness (Kb + > K + > Cs + > Na +) entirely different from that anticipated on the basis of activity coefficients (Na + > K + > Rb + > Cs+), but are the same rank order as that which Cohen found for ion accumulation in living as well as dead Chlorella cells (Kb + > K + > Cs + > Na +) (reference 19; see also reference 20). (For further discussion on the significance of these rank orders in alkali metal ion adsorption, see Ling (3) and Eisenman (21) .) The experimental data support the association-induction hypothesis in still another way. Fig. 7 shows that in terms of the initial fresh weight, a total as high as 240 mmole/kg of fixed anionic sites is present in the frog sartorius muscle; other data (in Figs. 12 and 13 ) gave somewhat lower values. According to the association-induction hypothesis, the majority of these sites belong to the f3-and ,r-carboxyl groups of the cell proteins. One must now determine whether this theoretical expectation is supported by the body of rather accurate analytical data on the composition of muscle proteins.
Leaving the details to the Appendix, calculation from the best available data yields a total of 260 to 288 mmole of free anionic sites per kg of fresh muscle cells on the proteins known to be present in muscle cells. These figures do not include the small amounts of nucleic acids and phospholipids as well as the larger amounts of creatinephosphate (21.8 mmole/kg) and A T P (5 mmole/kg) in the muscle cells (see reference 3, Table 9 .2). Complexed or adsorbed on cationic sites, these compounds add a significant amount of secondarily fixed anions as potential adsorption sites to the 260 to 288 m m o l e / kg of proteinaceous fixed anions. Elsewhere, we have presented evidence that salt linkages are important in maintaining the structure of the living cell (reference 3, sect. 9.4). Since, by and large, the structure of the cell is preserved (though swollen), even in the highest salt concentration studied, there must be a sufficient number of fixed anions engaged in these salt linkages.
Thus, it appears that the number of fixed anionic sites corresponds well with those calculated from the present series of experiments. Since no other component in the living muscle cell contains anionic sites at this concentration, this agreement is consistent with the concept that it is the free 13-carboxyl group of aspartic acid residues and the free ~,-carboxyl group of glutamine acid residues on the cellular proteins which selectively adsorb most of the alkali metal ions.
A p p e n d i x
The Concentration of Fixed Anionic Sites in Muscle Cells
Available data indicate that the protein concentration of muscle tissue falls between 18.5 and 25 %. Since there is evidence that frog muscle contains somewhat more water than mammalian tissue, we shall choose 18 % as a lower limit of protein concentration and 20 % as the higher limit. The average amino acid residue weight of muscle protein is equal to 111 (see reference 3, p. 48). Dividing this into the total protein concentration, one obtains 1.63 and 1.80 mole/kg of amino acid residues in proteins, respectively.
The latest data of Lowey and Cohen (22) show that rabbit myosin contains 17.4 % of free anionic residues. (This value agrees reasonably well with Mihalyi's titration data which correspond to 18 % (23).) If one assumes that the upper limit of myosin content in muscle proteins is 57 % (24) , that of actin is 15 % (25) , and that of tropomyosin is 2.6% (26), the remainder would constitute 25.4% of the total muscle proteins. This remainder contains: aldolase, triosephosphate dehydrogenase, glycogen phosphorylase, ATP-creatine transphosphorylase, and myokinase. Actin contains 13.8% free anionic side chains (27) ; tropomyosin (frog), 28.3 % (28); aldolase, 9.3 % (29); triosephophate dehydrogenase, 6.5 % (30); phosphorylase (rabbit), 13.5 % (30); myokinase, 13.5 % (31); and ATP-creatine transphosphorylase, 22.8 % (32).
